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MECHANICAL INSTABILITIES OF SMECTIC-
Abstract. 2014 Using the mixed-type elasticity for smectics introduced by de Gennes a model is built to describe the behaviour of homeotropic smectic-A liquid crystals submitted to compressive or dilative forces normal to the layers. This model predicts respectively two types of mechanical instabilities : molecular tilt inside the layers, or undulation of the layers. The expressions for the thresholds of these instabilities and the amplitude of the deformations produced are given. Experimental results are presented which confirm these predictions and give measurements of the rigidity B~ of the layers compared to the molecular tilt and of the penetration length 03BB of de Gennes. In addition the time dependence of the instabilities is observed and is explained in term of the relaxation of the applied stress due to the motion (climb) of edge-dislocations. The temperature dependence of the instability thresholds is measured in materials presenting quasi-second order transitions towards nematic or smectic-C phases. Close to a nematic phase the dilative instability threshold and thus 03BB diverge as expected, but with an apparent critical exponent (0.16), significatively smaller than the expected exponent v/2 (0.25 or 0.33 in a mean-field or in a non-classical model respectively). This [1, 2] . Above a critical displacement of the boundary plates of an homeotropic sample, the layers undulate in order to compensate the increase of the sample thickness. It has also been shown [3] that in a (*) Laboratoire associe au C.N.R.S. smectic A phase, an external compression can induce the C phase (the molecules tilt inside the layers). This effect is easier to observe close to a smectic-A to smectic-C transition. In this paper we first give a theoretical model of these mechanical instabilities induced in smectic-A liquid crystals : undulation instability of layers under dilative stress, and tilt instability of molecules inside the layers under compressive stress. For this model we use de Gennes' formulation of the elasticity for smectics [4] . We then present detailed measurements of the thresholds and relaxation times which complete the previously published letters [ 1, 3, 11, 13, 14, 15] . We measure the observed temperature dependence of the thresholds close to nematic and smectic-C phases in materials presenting quasi-second-order phase transitions. We analyze these variations in term of critical behaviour of the elastic properties of the materials.
2. Theoretical treatment. - 
.1 GENERAL DESCRIP-
TION OF THE MODEL. - We assume a homeotropic smectic-A sample ( Fig. 1) with the layers in the xDy plane. We follow the notations of ref. [1] . The sample thickness is d, the uniform displacement of the upper plate is 6 (the lower plate is at rest). For dilations 6 is positive while it is negative for compressions. The non-uniform displacement of the layers which may occur in the presence of the uniform external strain X= 6/d is called u(x, y, z) ; lu/lx = 0 is the tilt angle of the layer with respect to the x axis (see Fig. I [5, 26] as (T -Tc)y since -1 B Q2 is the first term of a Landau-like form of the free-energy density for the C phase expressed in terms of the square of the modulus T2 of its (tilt) order parameter T ; in a molecular field approximation y = 1 and y2 is expected to diverge accordingly at Tc, assuming that Ki also remains constant.
In order to describe mechanical instabilities, we need a non-linear term in the free energy. We write it by extending an argument from de Gennes : in the presence of molecular tilt (p, the normal layer thickness is ao. cos 9 if we assume rigid molecules of length ao (Fig. 2b) . When the layers are also tilted (Fig. 2b) , their thickness measured along Oz becomes :
We assume that the total sample thickness d remains constant, and that the total number of layers is conserved (this assumption is correct at least in a transient regime, since creation or annihilation of layers is a relatively slow process related to permeation). The combined molecular tilt and layer tilt results compressive stress (1) . To complete the description of the model, we call K3 = sK, the Frank elastic constant associated with the bend deformation. It is introduced to take into account the effect of the solid boundaries (we assume here a molecular orientation normal to the surface). Usually 8 = 1, but it is expected to diverge [5] as (T -Tc)-V (with v = 0.66) close to a second order smectic-A-nematic phase transition. The total free-energy density can now be written as :
where 0 is written as 0 = au/ax. We assume that the instability amplitude is small (i.e. 0 Avoiding these two pathological situations, we now look at how a given undulation of u and Q along x is damped inside the material, following the method of ref. [7] . We write u -v(x). w(z). Using (4) One can also imagine that edge dislocations come from the edges of the sample and relax the total stress on the whole sample area. They are expected to move in the central part where the stress is constant along Oz.
In any case the applied stress is totally relaxed when the number n of extra layers coming into the studied area is at least such that n.a = 2 nA i,e, n ~ 6 (since À. ~ a). [11] ] by using the selection rules defined for scattering by a splay mode in nematics [10] ; the new feature is that we now have to take into account the uniaxial character of the crystal. Then an incident light beam tilted away from the normal and ordinarily polarized (of wave-vector ko) will give rise to scattered light extraordinarily polarized (and vice-versa). We call ke its associated wave-vector. We can represent geometrically the momentum conservation law of the scattering : the undulation wave-vector q will transfer the extremity of the wave-vector ko from a sphere (wave-vector surface for the ordinary index of refraction) to an ellipsoid (surface for the extraordinary index) (Ref. to Fig. 8a ). With the constraint that q remains in a plane normal to the optical axis one sees that the locus of the extremity of ke (in the process ko -k') is a circle defined by the intersection of the ellipsoid with the plane containing q. In the case of the process k e -+ ke the circle is in the same plane and inside the previous one for a positive crystal. Then the scattering occurs in a general case on two co-axial cones centered on the optical axis (Ref. to Fig. 8b ). However, there is no scattering along the observation directions defined by the intersection of these cones with the incidence plane. An observation screen is placed parallel to the sample and the scattering appears on two concentric circles as it is observed for static undulations due to defects [11] with which a large number of wave-vectors is associated. When scattering occurs on the proper circle, one can relate the scattering wave-vector to the distance on the screen, between the laser spot and the observed point on the circle [12] . Now if the undulation due to the instability is uniform the corresponding wave-vector qc will be unique in direction. The probability of where a is the incidence angle, Ao the incident light wave-length, no and ne the main refractive indices of the crystal. We have also used an observation screen normal to the transmitted laser beam at a distance d from the sample. This geometry allows us to determine q by the measurement of the distance x., between the laser trace and the observation point s on the scattering pattern which is now an ellipse, through a more complicated relationship [12] . However it is difficult to know the exact deformation of the ceramics. One should take into account the elastic reaction of the smectic crystal on the holder and the ceramics. This reaction is proportional to B, to the sample area and to the inverse of the sample thickness ; it is to be compared with the rigidity of the ceramics and of the holder. The holder is composed of parts made of brass, expoxy resin and glass. In our set-up we estimate that the largest elastic response of the holder is mainly due to three screws that fix together the two brass parts (Fig. 5a, b) . Taking into account the ratio of the elastic moduli and the ratio of the respective surfaces of the screws and of the crystal we find that the rigidity of the holder is larger than that of the crystal only for sample thickness larger than 100 um. Typically for a 100 pm thickness the reaction of the crystal is of the order of 10 % of the action for a 1 cm2 sample area.
Let (Fig. 5a) .
For samples thinner than 200 pm (used in both experiments) the glass plates are mounted in a FabryP6rot-like holder with no spacers (Fig. 5b) Fig. 7b ) which disappears after a longer time, evolving back from the double array to a single one which is then wiped off. These two different gratings make a relative angle which is close to 900 near this second threshold and decreases towards 600 as the voltage is increased. We again increase the voltage, and we can see (for some samples) an increase, by a factor of 2 to 5, in the line-spacing, followed, when V is of 10 times the threshold, by a breaking of the structure into small identical regular domains which appear to be composed of focal conics (apparent diameter close to 4-10 gm), see Fig. 7c . This broken structure may remain for times ranging from tens of seconds to some hours and could correspond to a storage mode. The duration of this broken structure seems to depend on the applied stress, and to show the existence of a new threshold which is difficult to define and measure. For stresses below this threshold the duration of this structure lasts from some tens of seconds to some minutes. However for high stresses above this threshold the new structure can last from many hours up to some days. That could be due to a destruction of the molecular anchoring at the glass surfaces and might correspond to the configurations described by Parodi [16] .
The restabilizing effect of the compression phase is more easily observed after producing a broken structure. Applying a large compressive stress then makes the focal domains disappear. We can then go back to an unperturbed structure by slowly relaxing the applied compression. This effect which is restabilizing could be used as an erasing process for the storage mode.
3 . 3 .1 b) Visual observation of the instability in the light scattering pattern. - We now illuminate the sample with the laser beam. In absence of applied voltage we observe on the screen (see Fig. 8b , c) the scattering on two portions of circles due to the static undulations still present in every sample due to irregularities on the surface of the glass plates [11] . [10] . The optical signal generally appears as a sharp peak above a plateau (see Fig. 10 For the part of the amplitude curve of the peak before threshold (when it exists) we see on figure 13 that, as V is increased from zero, the decay time varies typically in a quasi-linear way from 80-100 ms down to [5] [6] [7] [8] [9] [10] [1] . The experiment has been done using CBOOA (p-cyano-benzilidenep-n-octyl-oxy aniline). The wave-vector is measured according to the method previously described (3.1.1).
The dependence of q2c on the inverse of the thickness d indeed clearly shows a linear variation (Fig. 15) (Fig.16b) [19] , and in a light scattering experiment by thermal fluctuations [20] . Discussion : From the analogy with the A transition in Helium the penetration length variation should follow a law of the form A -(Tc -T) -0.33. In order to understand the discrepancy with the value deduced from our results, we may first suppose that the transition has significant width (T* -Tc). In our case we would need a width of the order of 0.5 °C to find an exponent of 0.25 (classical). This is too high when compared with the results obtained on the same compound by P. E. Cladis [21] , D. Salin et al. [22] who observed a value for (T* -Tc) 20 [12] which has been observed under the microscope especially close to the A -C transition. This instability which appears as an undulation of small wavevector q (q -qcl50) seems to result from a coupling between the molecular orientation and the flow, and is under study at the present time. figure 20b ). This last signal (Fig. 20c) As has been mentioned previously, for thin samples (less than about 100 pm), the elastic reaction of the crystal on the mechanical holder can be large.
In this limit of zero displacement, the applied voltage is proportional to the threshold stress Bl. We have seen also that, above threshold, the amplitude of the tilt angle (po should be such that Q20~ X -Xc |/ Xc with the notation of § 2. 5.2. Since for the adopted scattering geometry the intensity I is of the form I ~ To, we expect the intensity dependence on the voltage to be :
Experimental results show a linear increase between V. and V*. We then conclude that the threshold V.
corresponds to the onset of the molecular tilt instability. The second threshold V* would correspond to the breaking of the layered structure.
In the limit of small sample thickness (and of strong elastic reaction of the smectic) we (Fig. 22) ponds to the observation of the bell-shaped pulse. We observe also the same deformation during the dilation phase, at another place, having the same alignment but moving in the opposite direction. We check by removing the liquid crystal that the glass plates make a wedge and that the general direction of the lines was parallel to its edge. Generally this angle is found small, of the order 10-3 rad. The parallelism of the plates can be adjusted to a higher accuracy ( 10-4 rad).
We suggest that the imposed displacement of the glass induces a hydrodynamic flow with high velocities, and there may exist a coupling between the molecular orientation and the flow. This coupling would then produce the observed deformations which are thought to be undulations of the layers. When this coupling tends to reinforce the molecular tilt, the instability threshold decreases and vice-versa, which would explain the departure from the linear variation of the Vs = f (T -Tc) curves (Fig. 23) . Finally, the existence of a very well-defined threshold under a compressive stress seems more compatible with a picture of a smectic-A phase in which the molecules are on the average normal to the plane of layers, rather than with a picture in which the molecules would be tilted inside each layer [28] (and randomly from one layer to other, the general orientation averaged over the whole sample resulting as normal to the layers). [23] , and the increase of the light level due to the molecular tilt, in the C phase. In this phase and close to Tc (typically 0.1 OC) we observe a symmetric signal (Fig. 25) that comes from the modulation of the molecular tilt angle around its position defined by the temperature. The amplitude of the peaks increases as the temperature decreases, being maximum in the middle of the smectic-C range. We have also noticed that in this phase the system is highly sensitive to mechanical vibrations imposed on the set-up. Small As a practical application, the molecular tilt instability could be used to realize light modulators [24] , or pressure transducers. The effect of modulation of the tilt angle in the C phase could give a method for measuring the temperature dependence of the tilt angle of the molecular axis. Kleman [29] , and Prost and Pershan [30] . A new field of experimental investigations is open in that direction.
